The possible role of LG-1, a Tetrahymena specific HMG protein found in the macronuclear chromatin (Hamana, K. and Iwai, K. (1979) J. Biochem. 8£, 789-794) , was examined in relation to the chromatin structure. The chromatin isolated from cells synchronized at different stages of the cell cycle contained about one molecule of LG-1 per nucleosome. Limited digestion of the chromatin with DNase I or micrococcal nuclease selectively released LG-1 with the nucleosomal core histones and HI remained insoluble, bound to the resistant DNA. Depending on the cell stages several types of chromatin structure were distinguished by their nuclease sensitivity. However, the chromatin at different stages exhibited the similar behavior of the LG-1 release with the nucleases as a function of the degree of chromatin solubilization. The results suggest that LG-1 proteins play a role in the chromatin organization which is rather independent of the cell stages.
INTRODUCTION
Through the studies on histone species of the unicellular ciliated protozoan Tetrahymena pyriformis we have isolated histone-like components, which are specific to Tetrahymena, in addition to 5 histone species (1, 2) . We named them LG-histone because they are rich in lysine and glutamic acid (3) . In the preceding paper(4) we have designated either of the two components of LG proteins, LG-1 or LG-2, as HMG proteins by several criteria.
HMG proteins have been found in a wide variety of eukaryotes (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Several different lines of evidence suggested that the HMGs are preferentially located in active regions of the genome (20-27), although a report (28) questioned this.
The present study was designed to clarify the possible role of LG proteins in chromatin organization. The Tetrahymena macronuclear chromatin has the repeating nucleoprotein units of chroraatin, nucleosomes (29, 30) , and the macronuclei are digested to nucleosomes with micrococcal nuclease and to 10 base spacing of denatured fragments with DNase I, like nuclei of higher eukaryotes (30) . Using these criteria for the chromatin structure of Tetrahymena, we examined the solubilized proteins with nucleases of chromatin isolated from Tetrahymena pyriformis, amicronucleate strain GL which contains LG-1 as major component, at different stages of the cell cycle. It was found that either DNase I or micrococcal nuclease selectively solubilizes LG-1 protein with the nucleosomal core histones and HI remained insoluble. The chromatin isolated from cells synchronized at different stages exhibited the similar behavior of the LG-1 release with the nucleases as a function of the degree of chromatin solubilization, although significant differences in the nuclease sensitivity of the chromatin were detected depending on the stages.
MATERIALS AND METHODS
Isolation of chromatin; Isolation of macronuclei from Tetrahymena pyriformis GL cells was carried out as described previously^). Chromatin was obtained after centrifugation at 10,000 x g for 30 min of the nuclei which had been washed with 10 mM NaCl/10 mM Tris-HCl, pH 7.5. The chemical compositions and weight ratios of chromatin components were determined according to the methods described elsewhere (2, 4) . Synchronization of cells: Cultures of Tetrahymena pyriformis, amicronucleate strain GL, were axenically grown in peptone medium o at 28 C. Logarithmically growing(log) cultures were synchronized by heat treatment (31) . The cells grown in peptone medium for 70 and 180 min after the end of heat treatment were chosen as raitotic(M) and synthetic(S <-H) stage cells, respectively. To obtain starved(G o stage) cells log phase cells were suspended in 0.4% o NaCl and were axenically incubated for 24h at 28 C, followed by a subsequent incubation in distilled water for 24h at 28 C(32). The synthetic(S <-G o ) stage cells were obtained by refeeding the starved cultures of the G 8 stage for 240 min by adding an equal volume of peptone medium to the starvation medium.
DNase digestion: Chroraatin was incubated with DNase I (Worthington, D) in 1 ml of 10 mM NaCl/3 mM MgCl 2 /10 mM Tris-HCl, pH 7.5 or with micrococcal nuclease(Worthington, NFCP) in 1 ml of 10 mM NaCl/3 mM MgCl 2 /2 mM CaCl 2 /10 mM Tris-HCl, pH 7.5 at 37°C. The concentrations of chroraatin and the nucleases used in the reaction mixture are indicated in the legends to each figure. The reaction was terminated after desired periods of incubation time by the addition of 50^il of 200 mM EDTA, pH 7.0 and rapid chilling in ice-water. Chromosomal proteins released into the supernatant were obtained after centrifugation at 10,000 x g for 30 min of chroraatin treated with nucleases. The concentrations of the proteins in the supernatant or in the 0.25 M HC1 extract from the digested chromatin were determined by the Lowry method (33) . The concentrations of DNA in the supernatant or in the digested chromatin were determined by the method of Burton(34) after hydrolysis with 0.5 M HC1O 4 at 90°C for 30 min.
Gel electrophoresis: The supernatant after nuclease digestion of chromatin or the 0.25 M HC1 extract from the digested chromatin was precipitated by the addition of 5 volume of acetone. The precipitate was dissolved in 6 mM Triton X-100/0.9 M acetic acid/0.1 M 2-mercaptoethanol/10%(W/V) glycerol and incubated for o 4h at 37 C. Electrophoresis on 15% polyacrylamide gel(0.5 x 7.5 cm) in 6 mM Triton X-100/0.9 M acetic acid was performed at 2 milliamperes/gel for 2.5h as described previously (35) . Gels were stained with Amido Black 10B and scanned at 560 run with a Canalco densitometer, Model G.
RESULTS

Contents of
LG-1 at different cell stages Table I shows the relative contents of acid soluble proteins (ASP), LG-1 protein, and residual nonhistone proteins(NHP) of the macronuclear chromatin of Tetrahymena pyriformis GL at various stages of the cell cycle. The densitometric scan of the electrophoretic gels of ASP at different stages(not shown) demonstrated that ASP are composed of the nucleosoraal core histones, H2A, H2B, H3 and H4, in roughly equimolar amounts, plus HI and LG-1. It is apparent from the table that the contents of LG-1 and ASP do not show marked stage variability. We have shown in the previous work that in the chromatin at log phase cells LG-1 is approximately equimolar with HI histone(4). The present densitoraeter scan of the gel electrophoretic bands of ASP further permitted the estimation that LG-1 and HI are contained in comparable amounts at various stages including log phase, although the relative amount of LG-1 is somewhat lower at G o . Taking into consideration the molecular weights of LG-1 and HI of the Tetrahymena GL strain of 12,500 and 16,500, respectively(3), and assuming that the nucleosomal histones of the GL strain consist of one molecule of HI and the octamer histones having the same molecular weight as those of animal tissues, 107,000(36), the relative weight ratios of LG-1 to DNA of 0.09-0.16, obtained in the table, correspond to 1-1.5 molecules of LG-1 per nucleosome.
In contrast to the ASP contents which remain almost constant at different stages, marked differences are seen in the NHP contents among different stages. By refeeding the cells at G o stage, which have the lowest NHP content, the NHP content is doubled at S <-G o stage. Both M and S <-M stages are characterized by their high NHP contents.
Nuclease digestion of Tetrahvmena chromatin at different cell stages
In order to elucidate the possible role of LG-1 in the chromatin we examined the proteins solubilized by digestion with nucleases. The isolated macronuclear chromatin of Tetrahymena pyriformis GL at log phase was incubated with DNase I or micrococcal nuclease, and the amounts of DNA and proteins solubilized into the supernatant were determined and plotted as a function of incubation time, as shown in chromosomal protein is almost exclusively LG-1 (Fig.2) . Furthermore, the electrophoresis of the 0.25 M HC1 extract of the chromatin which was digested with 60 units/ml of DNase I for 30 min ( Fig.2A) shows that this fraction contains all of the nucleosoraal histones including HI and is completely depleted in LG-1. On the basis of the results of electrophoresis, the data in Fig.l were replotted in the form of the percent of released LG-1 as a function of the degree of DNA solubilization (Fig.3) . Above 30% of DNA digestion DNase I rapidly solubilizes LG-1, attaining the complete depletion of the protein from chromatin at about 40% of DNA digestion remaining all of the five histones bound to chromatin. In contrast, digestion with micrococcal nuclease releases LG-1 protein much less extensively above 30% DNA digestion and some 60% of LG-1 molecules still remains bound to chromatin as well as the histones at 40% of DNA digestion, as is also shown qualitatively in the electrophoresis in Fig.2B .
As the next step, we performed the parallel DNase digestion studies with Tetrahymena chromatin at different stages of the cell cycle to investigate the relation between structural states of chromatin and LG-1 protein. Fig.4 presents the digestion curves of chromatin isolated at different stages with DNase I (Fig.4A) or with micrococcal nuclease (Fig.4B) . The experimental conditions of digestion used in Fig. 4 are different from those in Fig.l . The data of the log phase chromatin obtained under the present digestion conditions are also shown for comparison.
The chromatin becomes particularly DNase I-sensitive and the sensitivity is doubled when stages shift from G o to S <-G o , while little difference is seen between the two stages in the digestion curves with micrococcal nuclease. The M phase chromatin, which exhibits a similar DNase I digestion curve to that of the G o stage chromatin, exhibits an increase of about 30% sensitivity at S <-M. The M stage chromatin is further characterized by its remarkably low sensitivity to micrococcal nuclease digestion compared with chromatin at other stages.
As has been found above in the case of the log phase chromatin, the selective release of LG-1 protein by digestion with the nucleases was also observed with chromatin at other stages. DNA digestion with DNase I but not with micrococcal nuclease may be explained as that DNase I makes cleavages within the nucleosome core-LG-1 complex which are capable of specifically loosening the interaction of LG-1 molecules with DNA, permitting their release into the supernatant. In the case of animal tissues the preferential solubilization of HMG proteins with limited raicrococcal nuclease digestion has been observed for HMG1 and HMG2 (24, 37) or HMG-T(22), whereas in some tissue neither HMG1 nor HMG2 was solubilized (24) .
The DNA in S <-G o stage was digested much more rapidly than the DNA in G o stage with DNase I but not with micrococcal nuclease.
The fact suggests that DNase I distinguishes between the highly condensed G o stage chromatin and the diffused S <-G o stage chromatin(4 2).
The DNase I sensitivity of the S ^-M stage chromatin was also higher than that of the M stage chro-matin. Furthermore, the M stage'chromatin exhibited a remarkably low sensitivity to micrococcal nuclease digestion. This in contrast to the case of Physarum nuclei where no significant difference in the digestion behavior between metaphase and interphase nuclei has been detected with micrococcal nuclease (43) . The structural difference between the Tetrahymena polyploid macronuclear chromatin amitotically dividing at M stage and the metaphase chromosome of mitotically dividing nuclei of higher eukaryotes may be reflected on the micrococcal nuclease sensitivity.
It is known that active genes are preferentially digested with DNase 1 (44) (45) (46) (47) (48) (49) . The recent reports demonstrated that HMG proteins HMG14 and HMG17 are involved in maintaining the DNase I sensitive conformation of the hemoglobin gene in embryonic chicken erythrocyte (21, 26, 27) . In Tetrahymena 20-40% of the macronuclear DNA is digested 2-4 times faster than bulk macronuclear DNA by DNase I, consistent with the notion that transcribed genes are preferentially sensitive to attack by DNase 1(50). On the other hand, LG-1 is similar to HMG17 in electrophoretic mobility and mdlecular weight, while is rather similar to HMG1 and HMG2 in amino acid composition (4) . Therefore, it is of interest to consider about the possible relation of the LG-1 release and DNase I sensitivity of the chroraatin at different stages in terms of the transcriptional activity of the chromatin. At S 4-G o or S <-M stage, where high DNase I sensitivities were observed, RNA and protein syntheses are occurring (51, 52) . If LG-1 molecules are associated with the transcriptionally active genes of the S ^-G o or S 4-M stage chromatin to make the genes highly DNase I sensitive, one might expect a preferential LG-1 release at more earlier stages of DNA digestion or a higher LG-l/DNA ratio of the solubilized chromatin with DNase I at the S stage chromatin, compared with the chromatin at other stages, e.g. the M stage chromatin where little RNA synthesis is occurring. However, it was not the case. The chromatin at different stages, log, M, S <-G o or S •£-M, exhibited the similar behavior of the LG-1 release as a function of the degree of chromatin solubilization. Thus there appears to be no correlation between the observed DNase I sensitivity and the selective release of LG-1.
It is likely that DNase I sensitivity also reflects a poten-tial for a gene to be copied (44, (53) (54) (55) . It has been reported that Physarum ribosomal DKA remains sensitive to DNase I during mitosis when ribosomal RNA transcription is not detectable (55) . In Tetrahymena an alteration in the internal nucleosome core structure of activated ribosomal genes is recognized by DNase I (56) .
Taking these facts into consideration and since we are digesting the bulk, largely inactive, chromatin we can not rule out the possibility of a specific association of LG-1 to active or activated genes of Tetrahymena.
The content of Tetrahymena LG-1 did not show any marked stage variability. This is in contrast to the case of mammalian HMG2, of which levels parallel the proliferative activity of individual organs or tissues (57) . In that case HMG1 levels do not show marked organ variability.
The relatively high content of LG-1 in Tetrahymena chromatin was also noted. There is about one molecule of LG-1 per nucleosome. In rabbit thyraus a rough calculation showed that there is one molecule of HMG14 or HMG17 per ten nucleosomes (39) . HMG2 in rat testis or calf thymus amounts to roughly 10% of the mass of Hl(57) .
In conclusion, the overall results of the present study suggest that LG-1 proteins play a role in the chromatin organization which is rather independent of the cell stages.
